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based on amplification of a 198 base pair portion of the NADH oxidase gene, using 23
TaqMan probes for detecting and quantifying the three main pathogenic species, B. 24 hyodysenteriae, B. pilosicoli and B. intermedia. The specificity of the assay was 25 validated using 130 spirochaete strains belonging to members of the seven officially 26 named and two provisionally named Brachyspira species. The detection limit for all 27 three targeted species was 1-10 viable cells and 10 fg DNA per reaction. alvinipulli strain (AF060814) and 6 "B. suanatina" strains (DQ487119, DQ487120, 153 DQ487121, DQ487122, DQ487123 and DQ487124). A 198 bp region of the gene 154 then was used to design primer sets from sequences that were present and conserved 155 in the three target species, and probes with little or no sequence variation amongst 156 strains of the target species, but with a high divergence from the sequences of the 157 other species. 158
159
The internal control (IC) was designed on the housekeeping β-actin gene. The 160 β-actin genes from pigs, chickens, human beings, dogs, horses and cattle were 161 downloaded from GenBank (U07786, L08165, NM_001101, AF021873 U39357 and 162 AF035774 respectively), aligned, and conserved sequences were selected for 163 designing primers and probes. A final 98 bp amplification product was used.
A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 9 faecal samples by PCR amplification using the IC primers of the faecal-qPCR (Table  191 1) and then cloned into a pGEM-T-Easy Vector (Promega, Annandale, Australia). 192
The forward primer was replaced with the oligonucleotide complementary to the 193 pGEM plasmid sequence (labelled "forward for culture-qPCR" in Table 1) In the faecal-qPCR, the sample was designated negative if no signal was 212 produced in the three detection channels (FAM, JOE and ROX), and a stable 213 amplification curve was obtained in the IC channel (CY5), except for the negative 214 control. If all four channels showed negative results, the result was considered to be aM a n u s c r i p t 10 false-negative reaction. Validation of the culture-qPCR was different from the faecal 216 qPCR in that even the negative control was required to give a satisfactory signal, as 217 IC template DNA (plasmid) was included in the reaction. For assays that appeared to 218 be inhibited, the samples were re-diluted (1:3 serial dilution) and/or bovine serum 219 albumin was added to a final concentration of 0.1 µg/µl to remove the PCR 220 inhibitors. If inhibition was still present the DNA was re-extracted. 221 dilutions of the three Brachyspira spp., the M-qPRC was able to identify the 282 presence of the species correctly with an equivalent test detection level on each 283 sample. Therefore, serial ten-fold dilution samples was mixed equally to serve as 284 positive controls in the reaction, and to create standard curves. The R 2 values for the 285 standard curves were more than 0.99 from the three detection channels. 286
Amplification interference was only observed in dilution 10 0 to 10 1 cells from a 287 species when this concentration was mixed with 10 6 cells from the other two species.
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289
When the assay was performed three times with serial ten-fold DNA dilutions 290 (10 6 -10 0 cells) the intra-run CV ranged from 1.6% to 4.6%. 291 292
Comparison of M-qPCR with nPCR 293 294
When the nPCRs and qPCR were compared after primary plate culture of the 295 pig samples, the assays had perfect agreement, with an 18.7% positive detection rate 296 for B. hyodysenteriae, 3.2% for B. pilosicoli and 3.2% for B. intermedia (Table 2) . 297
The detection limits of the assays based on culture and PCR were better than with 298 direct DNA extraction from faeces, except for the identification of B. intermedia in 299 faecal-qPCR (5.6%). However, the identity of the extra positive B. intermedia 300 samples in the faecal-qPCR could not be confirmed as these samples also were 301 positive for B. hyodysenteriae and/or B. pilosicoli, making the qPCR universal 302 primers unsuitable for sequence analysis. In comparison, when both assays were 303 applied to DNA extracted from the porcine faeces, the qPCR identified 10 more B. 304 hyodysenteriae positive samples and eight more B. intermedia samples than the 305 nPCR for the pig faeces ( Table 2 ). The additional B. hyodysenteriae samples that 306 were positive in the M-qPCR also were positive by culture-PCR. 307
[ Table 2 about here] 308
In the faecal-PCR from the chicken samples, three more B. pilosicoli and four 309 more B. intermedia were identified by qPCR than by nPCR, and the identities of the 310 additional positives were confirmed by sequencing the products. 311 software was multiplied by a correction factor that was calculated as the mean copy 332 number for β-actin genes in all the samples divided by the copy number of the β-333 actin gene in the individual sample. After this normalization the mean CV decreased 334 from 27.49% to 20.32% (Table 3) . intermedia is considered to be a possible pathogen of pigs, and B. hyodysenteriae is 355 an occasional pathogen of chickens, hence these two assays also had utility for both 356 species. The Rotor-gene 3000 that was used allowed the detecting of four targets in a 357 single reaction, ie the three pathogenic spirochaete species and a novel internal 358 control. In the future the use of apparatus with more detection channels would allow 359 the simultaneous detection of other species; for example, for some studies it could be 360 informative also to include probes for detection of potentially pathogenic B.
16
The target used in the study was the nox gene, as previously it has been 364 applied to the development of PCR-based assays for detecting and/or identifying 365 various Brachyspira spp. (Atyeo et al., 1999) . Although SNPs were found in the 366 probe region used for one strain of B. pilosicoli and one of B. intermedia, the one 367 base pair mismatch was considered unlikely to cause systemic deviation in the 368 detection signal (Yao et al., 2006; Wacharapluesadee et al., 2008) . This was 369 confirmed when the assay was used with the B. pilosicoli strain with the SNP, 370 although the B. intermedia strain with the SNP was not available for testing. 371
Confirmation of the test sensitivity and specificity of the M-qPCR was obtained by 372 testing 90 strains of the target species and 40 strains of other Brachyspira spp.. 373
374
The detection limit of the M-qPCR for the three species was analysed in a 375 number of ways. First, using DNA extracted from serial dilution of pure cultures, it 376 was shown to be able to detect 1-10 cell copies of each species with clear signals. 377
Second, in testing with DNA, the detection limit was 10 fg for each species, while 378 the conventional PCR methods had detection limits of 1-100 pg, depending on the 379 species. The latter result was in agreement with previously reported limits of 380 conventional PCR where the products are visualized in gels (Suh and Song, 2005) . 381
Third, on artificially seeded faeces, 100 to 1000 cells could be detected in 0.2 g 382 samples. Similar studies of Brachyspira spp. with conventional PCRs have achieved 383 detection thresholds ranging from 10 2 to 10 10 cells (Atyeo et al., 1998; La et al., 2003; 384 A c c e p t e d M a n u s c r i p t
Further study was conducted using DNA extracted from porcine and chicken 388 faecal samples. As expected, the qPCR could identify more positive samples than 389 nPCR from both types of specimen. When both assays were applied to cultures from 390 porcine faeces, they had an equal detection limit that was also higher than when they 391 were used with the faecal-qPCR. Previously, the use of culture and biochemical 392 testing has been found to have detection limits as low as 140 spirochaete cells per 393 gram of faeces (Fellström et al., 2001) , and an equivalent level of detection was 394 achieved in culture-PCR (Råsbäck et al., 2006) . Nevertheless, it is generally 395 preferred to perform diagnostic tests directly on the template from the primary source 396 (Persson and Olsen, 2005; Råsbäck et al., 2006) , as this greatly reduces the analysis 397 time for slow-growing bacteria. Furthermore, the application of M-qPCR directly to 398 DNA extracted from faeces provides an easy and reliable means of directly 399 measuring relative bacterial load. An example of this is shown in Table 4 , where 400 relatively low numbers of B. hyodysenteriae cells were detected in the faeces of 32 401 of 39 experimentally inoculated pigs. These pigs were effectively sub-clinical 402 carriers, as they did not go on to develop SD. Furthermore, 14 of these experimental 403 pigs were unexpectedly shown to be carrying B. intermedia, and two were carrying B. 404 pilosicoli. Isolates of B. intermedia subsequently were recovered from some of these 405 pigs, confirming that these spirochaetes were present, and were probably being 406 carrying at low levels by one or more pigs when they were purchased from a 407 commercial source for the experiment. enteropathogenic, strongly haemolytic spirochaete isolated from pig andM a n u s c r i p t Internal control-probe Cy5-5'-AGGATCTTCATGAGGTAGTC-3'-BHQ2 60°C
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